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R1048Cell Biology: Up Against the Wall the Casparian strip is lost and,
although there is enhanced depositionLignin is deposited in precise patterns in some cell types. Two recent papers
provide insights into how this is achieved in the Casparian strip of the root
endodermis where a discrete band of lignin is crucial to regulating the passage
of water and solutes.Claire Halpin
Lignin is a waterproofing and
strengthening cell wall polymer that is
essential to the functioning of certain
plant cells, particularly those involved
in water transport. Water and dissolved
solutes enter plants from the soil
through the roots and are transported
upwards in the lignified xylem to all
parts of the plant. Radial passage
across the root tissues and into the
xylem is controlled by the endodermis,
a thin layer of cells just outside the root
vasculature. Endodermal cell walls are
partially lignified to prevent passive
movement along the apoplast (the cell
wall space), thereby forcing all water
and solutes to pass through the living
endodermal cell cytoplasm where
transit can be controlled. In many
plants this lignified area amounts to just
a thin waterproof band around each
cell’s circumference, the Casparian
strip (Figure 1). Two new studies
published this year in Cell [1] and the
Proceedings of the National Academy
of Sciences (PNAS) [2] from the groups
of Niko Geldner and David Salt (with
co-workers) identify several proteins
involved in the process of assembling
a Casparian strip and provide the first
insights into how this localized lignin
deposition can occur.
Consult the literature of a decade
ago or even four years ago and you will
be informed that the Casparian strip
is made of suberin, or suberin and
lignin, but that virtually nothing is
known about the mechanism of its
assembly. Within the past three
years, the establishment of molecular
and cell biological tools for studying
the formation of the Casparian strip
in Arabidopsis have underpinned
remarkably rapid progress. The
first significant advance was the
description of a plasma membrane
sub-domain that coincides with the
formation of the Casparian strip and
that functions like a ‘tight junction’
attaching the membrane to the cell wall
[3]. A family of proteins, the CASPs,
was subsequently discovered that are
precisely localized to the Casparianstrip membrane domain and that are
needed for Casparian strip production
[4]. This was quickly followed by the
appreciation that the Casparian strip
is composed of lignin, not suberin,
and is deposited as part of the
primary cell wall before endodermal
suberin biosynthesis even begins [5].
These recent advances set the
scene for this year’s discoveries that
have enabled the proposal of a
mechanism for precisely directing
lignin deposition to the Casparian
strip [1,2].
The first paper, published in Cell in
April [1], reported the identification of
an NADPH oxidase that is required
for Casparian strip formation,
following a screen for mutants with a
defective endodermal barrier. The
authors rationalized that production of
hydrogen peroxide by the NADPH
oxidase RBOHF might provide a
co-substrate for peroxidases involved
in polymerizing lignin. Consistent
with this hypothesis, an inhibitor of
NADPH oxidases abolished localized
production of hydrogen peroxide at
early Casparian strips. Similarly, a
peroxidase inhibitor blocked
Casparian strip formation. A specific
peroxidase, PER64, was identified that
colocalized perfectly with CASP1 in
both early and mature Casparian
strips. Pulling these discoveries
together, the authors propose that
CASPs function as plasma membrane
platforms that can bring together
the NADPH oxidase and peroxidase
(and possibly other cell wall-modifying
enzymes) to mediate localized
lignin polymerization at the Casparian
strip.
In August this year in PNAS, a
further player in this process was
identified: a dirigent
domain-containing protein, ESB1 [2].
Dirigent proteins lack catalytic activity
but can direct bimolecular coupling
reactions to dictate the
stereochemistry of products such as
lignans, although a previously
proposed role in lignification [6] has
been controversial. In the absence of
ESB1, the well-organised structure ofof lignin-like material and also ectopic
deposition of suberin, the formation of
an effective diffusion barrier is
delayed. Interestingly, there seems to
be a reciprocal dependence between
ESB1 and the CASPs for localization
at, and formation of, the Casparian
strip domain since in the absence of
either protein, the location of the other
is altered [2]. These two papers [1,2]
not only begin to unravel the molecular
mechanisms underlying Casparian
strip assembly and endodermal
function, they may also throw some
light on the control of patterned or
localized lignin deposition in other cell
types.
Lignification has been extensively
studied in stems and wood where it
waterproofs the water-conducting
xylem tracheary elements, and
rigidifies both tracheary elements
and xylem fiber cells to give strength
and support to stems, roots and
leaves. In young plants, the secondary
cell walls of protoxylem elements
are deposited in an annular or spiral
pattern to allow for further cell
elongation. Later, once cells no longer
need to grow, secondary cell walls in
metaxylem vessels have a reticulate
or pitted pattern. Lignin deposition in
xylem vessels appears to follow the
patterning already laid down by
secondary cellulose, which is in turn
determined by the orientation of
cortical microtubules. Recent
evidence indicates that secondary
cellulose deposition is excluded
from cell wall pit areas by a
membrane-anchored depolymerising
protein, MIDD1, that actively disrupts
microtubules, thereby defining pattern
[7]. Another microtubule-associated
protein, MAP70, appears to line the
borders of microtubule bundles to
define a boundary for secondary wall
deposition and dictate where
secondary cell walls will form [8]. The
plant Rho GTPase ROP11 is also
involved and recruits MIDD1 at the
plasma membrane beneath pit sites
[9]. In their turn, cortical microtubules
can eliminate active ROP11 from
the plasma membrane, mediated
by MIDD1. This mutual inhibitory
interaction between active ROP11
and cortical microtubules initiates
the establishment of secondary
wall pattern [9] and dictates
where secondary cellulose will be
positioned.











Figure 1. Hypothetical cartoon of lignin deposition machinery in endodermal cells and
tracheary elements.
In endodermal cells where lignin is part of the primary wall forming the Casparian strip, several
proteins involved in lignin production potentially associate with a plasma membrane scaffold
whose position determines the site of lignification. In tracheary elements, lignin is deposited
throughout the secondary cell wall following the pattern already laid down by secondary
cellulose. Little is known about the localisation of the proteins involved but models must
accommodate the process of post-mortem lignification and the use of monolignols from
neighbouring live cells.
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R1049It is not clear how lignification is
subsequently restricted to the regions
where secondary cellulose has already
been deposited. Despite intensive
study due to its relevance to
several industrial applications
(e.g., paper-making, biofuels, and
biorefineries), lignin deposition is still
yielding its own fair share of surprises.
Just last month, discovery of a
new biosynthetic enzyme, caffeoyl
shikimate esterase (CSE), was
reported [10], when most researchers
thought that the biochemical
production pathway had been fully
defined over a decade ago. Within the
last three years, genes involved in the
transportation and polymerization of
the monolignols may also, finally, have
begun to come to light. A plasma
membrane ATP-binding cassette
transporter has been identified that
appears to be involved in exporting p-
coumaryl alcohol monomers destined
for polymerization into lignin in roots,
since loss-of-function Arabidopsis
mutants have lower levels of root lignin
[11]. The first truly conclusive genetic
evidence has been presented that
identifies some of the polymerizing
enzymes, two laccase genes (LAC4
and LAC17) that are clearly involved in
lignification in Arabidopsis fiber cell
walls and possibly, to a lesser extent,
in tracheary elements [12]. Very recent
evidence suggests that a microRNA
may be involved in controlling
expression of the laccases and
peroxidases that polymerise lignin
[13]. Lignin biosynthesis is beginningto give up some of its remaining
secrets.
Nevertheless, like all the best
science, the discoveries summarized
here, while greatly advancing
understanding, prompt many new
questions and remind us of old
questions still to be answered. To
what extent are the processes
defining lignin patterning in the
Casparian strip and tracheary
elements likely to coincide so that
discoveries in one system can inform
the other? For both, the importance of
plasma membrane microdomains is
emerging as a crucial feature
potentially defining the site of lignin
polymerization in the Casparian strip,
and sites of secondary cellulose
synthesis and deposition in tracheary
elements. Is the assembly of lignin
biosynthesis machinery at the plasma
membrane in endodermal cells a
special case necessitated by the
need for a tight plasma membrane
attachment (Figure 1)? Or does it
reveal a mechanism used by other
lignifying cells, albeit with distinct
protein players, even if only in the
early stages of lignification? We know
that tracheary elements can lignify
post-mortem [8,14] and it seems that
both monolignols and reactive oxygen
species can be supplied by living
neighbouring cells [14]. Influx of
precursors from outside the lignifying
wall suggests that the monolignol
oxidizing laccases and/or peroxidases
that must be deployed before death
are likely located throughout thesecondary wall as it is hard to
envisage how the outer wall could
lignify if the enzymes were all
scaffolded to the plasma membrane
(Figure 1). Understanding how and
where the polymerizing enzymes are
localized (and their identities, since
all have clearly not been uncovered
yet) will clarify this and also help
explain the mechanism whereby
lignin in tracheary elements follows
the templating pattern of secondary
cellulose (possibly through
intercalating xylan). The role of ESB1
and other dirigent-domain proteins
remains to be fully elucidated and the
identity of NADPH oxidases or other
enzymes responsible for producing
the hydrogen peroxide and/or oxygen
substrates for peroxidases/laccases
need to be identified. All in all though,
we now have several more bricks in
the wall.References
1. Lee, Y., Rubio, M.C., Alassimone, J., and
Geldner, N. (2013). A mechanism for localized
lignin deposition in the endodermis. Cell 153,
402–412.
2. Hosmani, P.S., Kamiya, T., Danku, J.,
Naseer, S., Geldner, N., Guerinot, M.L., and
Salt, D. (2013). Dirigent domain-containing
protein is part of the machinery required for
formation of the lignin-based Casparian strip in
the root. Proc. Natl. Acad. Sci. USA 110,
14498–14503.
3. Alassimone, J., Naseer, S., and Geldner, N.
(2010). A developmental framework for
endodermal differentiation and polarity. Proc.
Natl. Acad. Sci. USA 107, 5214–5219.
4. Roppolo, D., De Rybel, B., Tendon, V.D.,
Pfister, A., Alassimone, J., Vermeer, J.E.,
Yamazaki, M., Stierhof, Y.D., Beeckman, T.,
and Geldner, N. (2011). A novel protein
family mediates Casparian strip formation
in the endodermis. Nature 473, 380–383.
5. Naseer, S., Lee, Y., Lapierre, C., Franke, R.,
Nawrath, C., and Geldner, N. (2012).
Casparian strip diffusion barrier in
Arabidopsis is made of a lignin polymer
without suberin. Proc. Natl. Acad. Sci. USA 109,
10101–10106.
6. Davin, L.B., and Lewis, N.G. (2000). Dirigent
proteins and dirigent sites explain the mystery
of specificity of radical precursor coupling in
lignan and lignin biosynthesis. Plant Physiol.
123, 453–461.
7. Oda, Y., Iida, Y., Kondo, Y., and Fukuda, H.
(2010). Wood cell-wall structure requires local
2D-microtubule disassembly by a novel plasma
membrane-anchored protein. Curr. Biol. 20,
1197–1202.
8. Pesquet, E., Korolev, A.V., Calder, G., and
Lloyd, C.W. (2010). The microtubule-
associated protein AtMAP70-5 regulates
secondary wall patterning in Arabidopsis wood
cells. Curr. Biol. 20, 744–749.
9. Oda, Y., and Fukuda, H. (2012). Initiation of
cell wall pattern by a Rho- and
microtubule-driven symmetry breaking.
Science 337, 1333–1336.
10. Vanholme, R., Cesarino, I., Rataj, K., Xiao, Y.,
Sundin, L., Goeminne, G., Kim, H., Cross, J.,
Morreel, K., Araujo, P., et al. (2013). Caffeoyl
shikimate esterase (CSE) is an enzyme in the
lignin biosynthetic pathway in Arabidopsis.
Science 341, 1103–1106.
11. Alejandro, S., Lee, Y., Tohge, T., Sudre, D.,
Osorio, S., Park, J., Bovet, L., Lee, Y.,
Current Biology Vol 23 No 23
R1050Geldner, N., Fernie, A.R., et al. (2012).
AtABCG29 is a monolignol transporter
involved in lignin biosynthesis. Curr. Biol. 22,
1207–1212.
12. Berthet, S., Demont-Caulet, N., Pollet, B.,
Bidzinski, P., Cezard, L., Le Bris, P.,
Borrega, N., Herve, J., Blondet, E.,
Balzergue, S., et al. (2011). Disruption of
LACCASE4 and 17 results in tissue- specific
alterations to lignification of Arabidopsis
thaliana stems. Plant Cell 23, 1124–1137.13. Lu, S., Li, Q., Wei, H., Chang, M.-J.,
Tunlaya-Anukit, S., Kim, H., Liu, J., Song, J.,
Sun, Y.-H., Yuan, L., et al. (2013). Ptr-miR397a
is a negative regulator of laccase
genes affecting lignin content in Populus
trichocarpa. Proc. Natl. Acad. Sci. USA 110,
10848–10853.
14. Pesquet, E., Zhang, B., Gorzsa´s, A.,
Puhakainen, T., Serk, H., Escamez, S.,
Barbier, O., Gerber, L., Courtois-Moreau, C.,
Alatalo, E., et al. (2013). Non-cell-autonomouspostmortem lignification of tracheary elements
in Zinnia elegans. Plant Cell 25, 1314–1328.
Division of Plant Sciences, College of Life
Sciences, University of Dundee at the James
Hutton Institute, Dundee DD2 5DA, UK.
E-mail: c.halpin@dundee.ac.uk
http://dx.doi.org/10.1016/j.cub.2013.10.033Circadian Rhythms: Hijacking the
Cyanobacterial ClockUsing basic research to advance a practical application, a recent study
demonstrates that the circadian clock in cyanobacteria can be ‘reprogrammed’
to improve yields of heterologous protein production — a green future surely
beckons.Nathaniel P. Hoyle
and John S. O’Neill*
The production of limitless carbon-free
energy is a long-sought dream of
scientists and politicians alike. One
strategy for achieving this aim is
the production of hydrogen by
photosynthetic microorganisms —
harnessing the effectively limitless
power of the sun to power our cars,
toasters and PCR machines. It may be
tempting to think of host expression
systems as miniature factories given
over entirely to the production of our
molecule of interest. However, the
biological nature of the host must
be taken into account if we are to
maximize productivity. The circadian
rhythm, a cell-intrinsic w24-hour
biological clock found in most
organisms, is one such aspect
that has received scant attention but
is likely to be of particular importance
to photosynthetic host systems. In
this issue of Current Biology Xu et al.
[1] describe how our knowledge of
the Synechococcus elongatus
circadian clock can be leveraged to
improve the production of
exogenous proteins, including those
involved in the production of
hydrogen.
Co-Opting the KaiABC Oscillator
S. elongatus has been a useful model
for understanding circadian regulation
of gene expression, independently of
its potential utility in biotechnology [2].
The S. elongatus circadian clockworkis based upon rhythms of
phosphorylation in the protein KaiC and
its regulatory binding partnersKaiA and
KaiB (Figure 1A). In its simplest form the
KaiABCcomplexwill undergo circadian
rhythms in autophosphorylation
and dephosphorylation when its
constituents are mixed in vitro in the
presence of ATP [3]. In vivo, this basic
biochemical oscillation is elaborated
by autoregulation of the KaiABC gene
cluster via accessory transcription
factors [4]. This KaiABC oscillator also
feeds into the genome-wide regulation
of transcription to generate rhythmic
outputs from the circadian clock [5,6].
Genes which accumulate during the
day and peak at dusk are known as
Class I genes. Those with an opposing
peak at dawn are termed Class II.
Overexpression of the KaiA protein
enhances gene expression from the
KaiBC promoter [4], giving the cells
an apparently continuous dusk signal.
Conversely, expression of KaiC has
been claimed to globally repress gene
expression [7]. With this in mind,
the production of potentially useful
gene products might be enhanced
throughout the night by exogenous
overexpression of KaiA — effectively
holding the cells in a permanent
dusk-like state (Figure 1B). The goal:
to turn the circadian S. elongatus
protein factory into a round-the-clock
production line for heterologous
protein.
In their efforts to stably enhance
gene expression, Xu et al. found that
overexpression of KaiA (KaiA-OX) inconstant light conditions causes about
20% of genes to be up-regulated at
the transcript level. Around 12%
were down-regulated by KaiA-OX.
Interestingly the over-expression of
KaiC has the opposite effect on
individual genes. Referencing Taoism,
the authors describe this reciprocal
regulation by KaiA and KaiC as a
Yin–Yang model of regulation.
Circadian rhythms of transcript
abundance are produced by induction
and repression of specific loci at
opposing phases of the circadian
cycle — presumably enhancing the
amplitude of rhythmic gene expression
in wild-type cells.
The native NAD/NADP-utilizing
hydrogenase in S. elongatus displays
a peak-at-dusk (Class I) profile and
has enhanced expression during
KaiA-OX. This raises the tantalizing
possibility of increasing hydrogenase
activity by pausing the circadian
oscillator at subjective dusk when
these genes are most prolifically
transcribed.
When Is a ‘Neutral Site’ Not a Neutral
Site?
Hydrogenases have evolved naturally in
cyanobacteria to catalyze the reversible
reaction 2H+ + 2e-/ H2 using NADH,
NADPH and ferredoxin as electron
donors. The direct production of H2
circumvents the inefficient Calvin
cycle and offers the prospect of highly
efficient fuel production. Currently,
yield is poor due to the oxygen
sensitivity of hydrogenases and
energetic favorability of H2 uptake
over production [8].
The RC41 S. elongatus strain was
developed byWeyman et al. in an effort
to optimize H2 production from
cyanobacteria [9]. The endogenous
bidirectional hydrogenase HoxYH was
deleted and the HynSL hydrogenase
and accessory gene cluster from
Alteromonas macleodii expressed
